Objectives-The purpose of this study was to determine the incidences and rates of progression of varying degrees of carotid stenosis that do not require intervention according to the Asymptomatic Carotid Atherosclerosis Study, the European Carotid Surgery Trial, and the North American Symptomatic Carotid Endarterectomy Trial, and from this information, to provide evidence-based recommendations for follow-up imaging.
S
troke is a leading cause of death and disability in the United States, and carotid artery disease is a major risk factor for a transient ischemic attack and stroke. 1 Progression of carotid stenosis has been associated with an increased risk of stroke. 2, 3 Although some major physician organizations such as the US Preventive Services Task Force have argued against carotid screening in the asymptomatic population, 4 many patients without a history of a transient ischemic attack or stroke have cardiovascular accidents, often with high morbidity and mortality. 5, 6 It is now commonly accepted that carotid endarterectomy or angioplasty and stenting is appropriate treatment in patients with substantial stenosis (defined as 70%-99%) regardless of symptoms. 7 Although the exact degree of stenosis warranting intervention may be debatable, [8] [9] [10] recommendations for appropriate follow-up intervals for patients not currently warranting invasive interventions are urgently needed. Several previous studies have evaluated the natural progression of carotid stenosis. 11 However, to our knowledge, no study with a large sample size has described rates of progression of carotid stenosis for a period of greater than 10 years. Most important, we are not aware of any previously existing and widely accepted recommendations regarding appropriate follow-up intervals for surveillance imaging of carotid stenosis.
Although recent advances in computed tomography and magnetic resonance imaging have arguably improved the stratifying of patients at risk for stroke and a transient ischemic attack, 12 carotid duplex ultrasound imaging remains the cheapest and least invasive of all available imaging modalities. Carotid ultrasound and Doppler imaging serve this purpose by performing stenosis assessment according to Asymptomatic Carotid Atherosclerosis Study, European Carotid Surgery Trial, and North American Symptomatic Carotid Endarterectomy Trial criteria, as well as grayscale imaging to evaluate vessel stenosis and plaque morphologic characteristics. 13, 14 The purpose of this study was to determine the progression rates of carotid stenosis over time, particularly in patients who did not fit the accepted criteria for intervention (stenosis of 70%) and to propose recommendations for the timing of follow-up ultrasound examinations. A secondary goal involved determining the incidences of different degrees of stenosis in our population and assessing whether the progression rates were influenced by laterality.
Materials and Methods
Approval was first obtained from the Ochsner Clinic Foundation Institutional Review Board. Informed consent was not required. A total of 42,674 individual carotid artery examinations from 16,958 patients during a 20-year period at a single multispecialty group practice facility were retrospectively reviewed. The data were entered into an Access database (Microsoft Corporation, Redmond, WA) on the examination date by the sonographer. The database was queried from January 1995 through April 2015, and reports queried from all patients who had at least 1 carotid artery ultrasound examination were included. We were able to determine that a patient had follow-up examinations because of the different examination dates related to the same individualized unique patient identification number. Follow-up examinations were ordered by referring physicians on the basis of their own individual opinions without benefit of any specific organization or institutional guidelines. During the course of the study, at least 10 board-certified radiologists were involved in the interpretations, and these radiologists supervised sonographers who entered the velocity data into the database at the time of the examination. The database reports from the studies were retrieved, and velocity results listed for the carotid arteries were reviewed individually rather than by patient. The reports were reviewed and not the individual examinations. Records thought to have typographical errors or absent entries were either removed entirely, or the data were corrected if possible, resulting in a data set with 33,571 unique carotid arteries. Examinations performed after endarterectomy or carotid stenting were excluded, leaving 5616 arteries with follow-up examinations in our system ( Figure 1 ). This number comprised 4087 arteries with 1 follow-up, 1013 arteries with 2 follow-ups, 300 arteries with 3 follow-ups, 95 arteries Figure 1 . Numbers of vessels in our data set before and after applying exclusion criteria. The red arrows indicate the subsets of data used for analysis of stenosis incidence and probability of progression.
with 4 follow-ups, and 121 arteries with 5 or more follow-ups.
The degrees of carotid stenosis were classified according to a modification of an internationally accepted method, based on the velocity information from the database: 1% to 39%, 40% to 59%, 60% to 79%, 80% to 95%, 96% to 99%, and occlusion. 13 Several reporting ranges had to be reclassified into these categories. The times to progression were calculated for each degree of initial stenosis. The rates of stenosis and progression in the right carotid arteries were compared to those of the left carotid arteries. A Kaplan-Meier survival analysis was calculated for progression over time. Levels of stenosis of greater than 59% were primarily followed in the vascular surgery or cardiology laboratories and lost to our follow-up. As a result, we focused on the vessels showing 1% to 39% and 40% to 59% stenosis on the initial examination. Finally, recommendations for follow-up were made on the basis of the time that 10% of each 2-vessel combination would have a progression in at least 1 of the 2 vessels.
Results
The distribution of carotid stenosis at the first examination was 30,465 (91.6%) arteries with 1% to 39% stenosis, 895 (2.7%) arteries with 40% to 59% stenosis, 1044 (3.1%) arteries with 60% to 79% stenosis, 466 (1.4%) arteries with 80% to 95% stenosis, 43 (0.1%) arteries with 96% to 99% stenosis, and 346 (1.0%) arteries with occlusion ( Table 1) .
Analysis of the right versus left carotid arteries showed a similar distribution of stenosis and occlusion levels in the right and left arteries: 8.9% of right-sided arteries showed progression compared to 9.1% of leftsided carotid arteries.
A total of 5616 carotid arteries had follow-up examinations, as determined by finding separate data sheets with follow-up dates for the separate examinations. The data show that the probability of stenosis progression was significantly lower if the degree of stenosis was 1% to 39% (6.8% progressed) compared to arteries with a level of stenosis of 40% to 59% (38.9% progressed; Table 2 ). A Kaplan-Meier curve for the probability of progressing over time is shown in Figure 2 . This curve can be extrapolated to show the probability of at least 1 of 2 vessels progressing for each of the 3 possible 2-vessel combinations that can be present with 1% to 39% and 40% to 59% stenosis ( Figure 3 ).
Discussion
The patients in our population had a wide range of stenosis, but most of the arteries showed 1% to 39% stenosis, with the higher grades of stenosis having much lower incidences. Also noteworthy is that most of the vessels did not have any follow-up examinations. This finding suggests that there may not be overuse of follow-up imaging in patients with low-grade stenosis, as commonly debated. 4, 15 The lack of follow-up imaging in our cohort also underlines the lack of outcome-based recommendations for follow-up of low-grade stenosis.
We found that different degrees of stenosis progressed at different rates; more specifically, higher degrees of stenosis progressed more rapidly than lower degrees of stenosis. This finding has been demonstrated in prior studies, such as a study by Muluk et al, 16 which showed that the greatest risk factor for progression was internal carotid artery stenosis itself.
Using our data calculated for the Kaplan-Meier curve, we were able to establish recommendations for Figure 2 . Survival plot for 2 of the initial degrees of stenosis. Progression occurs rapidly in the arteries with 40% to 59% compared to vessels with 1% to 39% stenosis. Figure 3 . Each of the 3 possible 2-vessel combinations that can be made using the degrees of stenosis of 1% to 39% and 40% to 59%.The probability of at least 1 vessel progressing is highest in the scenario in which both vessels have 40% to 59% stenosis and lowest in the scenario in which both vessels have 1% to 39% stenosis.
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follow-up for each of the 3 possible 2-vessel combinations that can be made from vessels with 1% to 39% and 40% to 59% stenosis (Table 3) . These recommendations were rounded from calculations based on the time that it would take 10% of 2-vessel combinations to have a progression in at least 1 of the 2 vessels. For the group with 1% to 39% stenosis in both vessels, our evidencebased follow-up recommendations are at 3.4, 7.4, 10, 11.4, 13, 13.8, and 15.5 years from the initial study. Our calculated evidence-based recommendations for patients with 1% to 39% stenosis in one vessel and 40% to 59% stenosis in the other are to obtain follow-up carotid duplex examinations at 1.1, 1.7, 2.7, 3.8, 4.6, 6, 7.5, 9, and 15.5 years from the initial study. Finally, for patients with 40% to 59% stenosis in both vessels, the evidencebased, calculation-based recommendations are follow-up at 0.6, 1.2, 1.5, 2.1, 3, 3.9, 4.5, 5.9, and 7.9 years from the initial study. However, we have also included another recommendation table (Table 4 ) that is more generalizable and easier to follow and explain to patients. Because a small percentage of carotid artery followup examinations showed progression, a cost-benefit analysis needs to be done to show a benefit for screening large populations. This analysis is presently being done. Alternatively, several studies have suggested that carotid disease is a marker of coronary and other vascular disease; therefore, perhaps carotid ultrasound imaging could be a screening test of choice for systemic vascular disease, 17 effectively increasing the benefit of carotid screening by extending it to other organ systems. A costbenefit analysis evaluating only the patients who were asymptomatic at presentation may additionally show that follow-up is feasible only when using the conservative methods defined above, as the rate at which 10% of patients will have a progression could be considered conservative. Our study reveals that in a large population of patients, degrees of stenosis on the right and left are very similar. Although some studies in the past have demonstrated similar degrees of stenosis in the right and left carotid arteries, others have shown considerable asymmetry in this regard, demonstrating an increased likelihood of intraplaque hemorrhage on the left and more calcified plaque on the right. 18 Additionally, we demonstrated that the rates of progression in the right and left carotid arteries are similar.
Our data demonstrated another interesting finding. Most of the patients in our database showed 1% to 39% stenosis and did not have any follow-up imaging. This evidence-based result suggests that carotid ultrasound may not be overused for low degrees of stenosis and that "churning" did not occur in our institutional environment.
Our study had several limitations. It was a retrospective study. Our study data were limited at the higher degrees of stenosis because many patients with initial findings showing greater than 59% stenosis were referred to and followed by the vascular surgery or cardiology departments. Interdepartmental collaboration for future studies will be necessary to obtain a more complete data set. Another limitation of our study is that we used criteria based on the method of Bluth et al 13 for stenosis grading. Although we understand that many institutions no longer use these criteria, we have been accurately using these internationally accepted and published criteria successfully for more than 30 years, and to maintain the integrity of our follow-up database, this method was used and not converted to the more recently recommended degrees of stenosis based on the North American Symptomatic Carotid Endarterectomy Trial. Our approach has been validated by the Intersocietal Accreditation Commission: "Facilities which have rigorously internally validated their own criteria may continue to use these criteria at the present time." 19 A possible selection bias was another potential problem that could have affected our results. In our study, only 5616 of a possible 33,571 arteries had follow-up examinations; therefore, we cannot be absolutely certain that the sample obtained is representative of the general population of patients who undergo carotid ultrasound examinations. Another limitation of our study was that we did not take into consideration the patients who received medical management between studies or what clinical risk factors these patients may have had, such as age, sex, race, comorbid diagnoses such as hypertension and diabetes, hemodynamic parameters such as blood pressure, and laboratory values. 4, 20 This change in management and differences in risk factors may have an effect on rates of progression and would make our rates underestimate natural progression if many patients are receiving successful treatment. In fact, we believe that including risk factors in the decision to recommend follow-up intervals will be a considerable imperative when cost is taken into consideration. Additionally, the role of plaque characterization and patient symptoms in stenosis progression was not appropriately addressed in this study. We do believe that both of these factors may have a substantial effect on stenosis progression; therefore, the usefulness of our recommendations is somewhat diminished. A prospective study including both accurate plaque characterization and patient symptoms is therefore still needed and is recommended. However, our results do represent the best and only evidence-based data available on lowgrade stenosis progression and should be considered and used until a more comprehensive study is reported.
In conclusion, we have provided evidence-based follow-up recommendations for patients discovered to have carotid stenosis between 1% and 59%. We have shown that different degrees of carotid stenosis progress at different rates and therefore should be followed at different intervals. With such a large population affected by carotid artery atherosclerosis, it is important that the medical community identify early disease and offer evidence-based treatments, even for the lower grades of stenosis. Additional studies that include plaque characterization and patient symptoms will be helpful in stratifying patients into risk-based categories and are needed.
